Introduction
With great pleasure, I have edited this second compilation of reviews on nuclear factor-kappa B (NF-kB) transcription factors and NF-kB signaling. It is approximately 20 years since the coincident discovery of three proteins -classical NF-kB, v-Rel and Dorsal -that show variable nucleo-cytoplasmic subcellular localization (Gilmore and Temin, 1986; Sen and Baltimore, 1986; Baeuerle and Baltimore, 1988; Steward et al., 1988) , which were soon demonstrated to be members of the same family of proteins (Stephens et al., 1983; Wilhelmsen et al., 1984; Steward, 1987; Ghosh et al., 1990 ; reviewed by Gilmore, 1990; Kieran et al., 1990) . Notably, the biological processes -immunity (NF-kB), oncogenesis (v-Rel) and development (Dorsal) -investigated in those early studies continue to be areas that provoke much of the interest in NF-kB.
Today, the study of NF-kB signaling is essentially an industry, complete with website (www.nf-kb.org), patent (Baltimore et al., 2002) and approximately 25 000 publications. For those few unfamiliar with the NF-kB transcription factor family, it includes a collection of proteins conserved from (at least) the phylum Cnidaria to humans. Among model organisms, these transcription factors are notably absent in yeast and Caenorhabditis elegans; in the latter, it is likely that NFkB-like genes/proteins have been lost (given that they are present in the more primitive organism, the sea anenome Nematostella vectensis (Sullivan et al., 2006) ). As described below, the term 'NF-kB' is somewhat confusing, as it can be used to refer to the superfamily (of Rel and NF-kB proteins across species), the subfamily (e.g., p100, p105 and Relish) or the specific p50-RelA heterodimer, which is the major NF-kB dimer in many cells.
The larger NF-kB family of proteins is composed of two subfamilies: the 'NF-kB' proteins and the 'Rel' proteins. All of these proteins share a highly conserved DNA-binding/dimerization domain called the Rel homology domain (RHD) (Gilmore, 1990) (Figure 1 ). The Rel subfamily includes c-Rel, RelB, RelA (aka p65) and Drosophila Dorsal and Dif. The Rel proteins contain C-terminal transactivation domains, which are often not conserved at the sequence level across species, even though they can activate transcription in a variety of species including yeast. Members of the NF-kB subfamily (p105, p100 and Drosophila Relish) are distinguished by their long C-terminal domains that contain multiple copies of ankyrin repeats, which act to inhibit these proteins. The NF-kB proteins become shorter, active DNA-binding proteins (p105 to p50 and p100 to p52) by either limited proteolysis or, possibly sometimes, by arrested translation. As such, members of the NF-kB subfamily are generally not activators of transcription, except when they form dimers with members of the Rel subfamily. Of note, the nuclear factor of activated T-cell (NFAT) transcription factors also contain the RHD and bind to similar DNA sequences as the Rel/NF-kB dimers, but NFAT proteins generally have not been found to form dimers with Rel and NF-kB proteins.
Collectively, NF-kB transcription factor dimers bind to 9-10 base pair DNA sites (kB sites), which have a great amount of variability (5 0 -GGGRNWYYCC-3 0 ; R, A or G; N, any nucleotide; W, A or T; Y, C or T). All vertebrate NF-kB family proteins can form homodimers or heterodimers in vivo, except for RelB, which only forms heterodimers in vivo. This combinatorial diversity contributes to the regulation of distinct, but overlapping, sets of genes for at least three reasons: because the individual dimers have distinct DNA-binding site specificities for a collection of related kB sites, because of the different protein-protein interactions the individual dimers make at target promoters, and because of the gene activation profile of different dimers under specific physiological conditions. The activity of NF-kB is tightly regulated by interaction with inhibitory IkB proteins. As with the NF-kB transcription factors, there are several IkB proteins (e.g., IkBa, IkBb, IkBg, IkBe and Drosophila Cactus) that have different affinities for individual NF-kB dimers. Individual IkBs are also regulated slightly differently by phosphorylation and proteolysis, and show differences in their tissue-specific expression patterns. From biochemical studies and direct structural determinations (reviewed by Chen and Ghosh, 1999) , it is clear that IkBa makes multiple contacts with NF-kB. Generally these interactions cover the nuclear localization signal of the given NF-kB dimer and interfere with sequences involved in DNA binding.
Thus, in most cells, NF-kB is present as a latent, inactive, IkB-bound complex in the cytoplasm. There are two, and possibly three, pathways leading to the activation of NF-kB (see Figure 2 for details). The two best-described pathways are called either the canonical and non-canonical pathways or the classical and alternative pathways, respectively. The common upstream regulatory step in both of these pathways is activation of an IkB kinase (IKK) complex, which consists of catalytic kinase subunits (IKKa and/or IKKb) and a scaffold, sensing protein called NF-kB essential modulator (NEMO). As such, activation of NF-kB dimers is the result of IKK-mediated, phosphorylation-induced degradation of the IkB inhibitor, which enables the NF-kB dimers to enter the nucleus and activate specific target gene expression. In most cases, the activation of NF-kB is transient and cyclical in the presence of continual inducer. For example, in mouse fibroblasts maintained in the presence of tumor necrosis factor, nuclear NF-kB DNA-binding activity appears and disappears approximately every 30-60 min; these cycles are due to repeated degradation and re-synthesis of IkB and the consequent activation and inactivation of NF-kB, respectively (Hoffmann et al., 2006) .
Organization of this collection of reviews
As with the 1999 issue of Oncogene Reviews on NF-kB (Gilmore, 1999) , the choice of subjects to review was difficult. Because Oncogene is a journal dedicated primarily to the control of cell growth and oncogenesis, I decided to make the role of NF-kB in these processes the focus of this issue. Nevertheless, to set the stage, it was necessary to include several papers on the regulation of NF-kB: the regulation of NF-kB by upstream IKK pathways (Scheidereit, 2006) ; the dynamics and direct mechanisms of gene regulation by NF-kB (Hoffmann et al., 2006) ; post-translational modifications that regulate components of the NF-kB pathway (Perkins, 2006) ; and the controversial role of reactive oxygen species in the regulation of NF-kB activity (Bubici et al., 2006) . These papers are followed by three papers in which the normal physiological roles of NF-kB are discussed. Minakhina and Steward describe the role of NF-kB in Drosophila development and immunity; Hayden et al. describe what is known about the extensive role that NF-kB plays in the mammalian immune system; and Gerondakis et al. discuss what has been learned about the physiological roles of NF-kB signaling components through the use of mouse knockouts and transgenics. The next four papers focus on subjects related to NF-kB and pathogenesis/oncogenesis, describing the role of NF-kB in apoptosis (Dutta et al., 2006) and cancer (Basseres and Baldwin, 2006) , how mutations in NF-kB pathway genes are related to human disease (Courtois and Gilmore, 2006) and how viruses affect NF-kB signaling for their pathogenesis, their replication, or as part of detection by the host organism (Hiscott et al., 2006) . The final two papers describe ways that the NF-kB pathway can be modu- , which also has sequences important for nuclear localization and IkB inhibitor binding. The C-terminal halves of the Rel proteins have transcriptional activation domains (TAD). The C-terminal halves of the NF-kB subfamily proteins have ankyrin repeat-containing inhibitory domains (red bars), which can be removed by proteasome-mediated proteolysis. As with the C-terminal domains of the NF-kB proteins, the independent IkB proteins consist mainly of ankyrin repeats, and several (IkBa, IkBb, IkBe, IkBg) have two N-terminal serine residues (S) that serve as IKK phosphorylation sites, which signal the protein for ubiquitination and degradation. The generalized structures of IKKa and b (kinase domain; HLH, helix-loop-helix; LZ, leucine zipper; NBD, NEMO binding domain) and of NEMO (CC, coiled coil; LZ, leucine zipper; ZF, zinc finger) are also shown.
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Future perspectives
Even with the many advances since 1999, there continue to be several unsolved mysteries in the saga of NF-kB. If I use my crystal ball to predict what the next 7 years have in store, I suspect that progress will be made in the following four general areas: basic biochemistry of the signaling pathway, physiology and disease, therapy and simple model systems.
Basic biochemistry
Although we have learned a great deal about the intracellular NF-kB signaling pathway, we still have very rudimentary knowledge about the dynamics of the NF-kB pathway in cells in tissue culture and know essentially nothing about these dynamics in whole organisms. In most cell types and signaling conditions, it is still not known what is the contribution of specific NF-kB complexes (e.g., p50-RelA vs p52-c-Rel vs c-Rel-c-Rel) to given physiological responses or how 
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Figure 2 NF-kB signal transduction pathways. In the canonical (or classical) NF-kB pathway, NF-kB dimers such as p50/RelA are maintained in the cytoplasm by interaction with an independent IkB molecule (often IkBa). In many cases, the binding of a ligand to a cell surface receptor (e.g., tumor necrosis factor-receptor (TNF-R) or a Toll-like receptor) recruits adaptors (e.g., TRAFs and RIP) to the cytoplasmic domain of the receptor. In turn, these adaptors often recruit an IKK complex (containing the a and b catalytic subunits and two molecules of the regulatory scaffold NEMO) directly onto the cytoplasmic adaptors (e.g., by virtue of the K63-ubiquitinbinding activity of NEMO). This clustering of molecules at the receptor activates the IKK complex. IKK then phosphorylates IkB at two serine residues, which leads to its K48 ubiquitination and degradation by the proteasome. NF-kB then enters the nucleus to turn on target genes. The auto-regulatory aspect of the canonical pathway, wherein NF-kB activates expression of the IkBa gene that leads to resequestration of the complex in the cytoplasm by the newly synthesized IkB protein is not shown. The non-canonical (or alternative) pathway is largely for activation of p100/RelB complexes during B-and T-cell organ development. This pathway differs from the canonical pathway in that only certain receptor signals (e.g., Lymphotoxin B (LTb), B-cell activating factor (BAFF), CD40) activate this pathway and because it proceeds through an IKK complex that contains two IKKa subunits (but not NEMO). In the noncanonical pathway, receptor binding leads to activation of the NF-kB-inducing kinase NIK, which phosphorylates and activates an IKKa complex, which in turn phosphorylates two serine residues adjacent to the ankyrin repeat C-terminal IkB domain of p100, leading to its partial proteolysis and liberation of the p52/RelB complex. Other distinct NF-kB pathways no doubt exist. For example, in Pathway 3, p50 (or p52) homodimers enter the nucleus, where they become transcriptional activators by virtue of interaction with the IkB-like co-activator Bcl-3 (or IkBz). How Pathway 3 is regulated is not known. In all three pathways, various post-translational modifications (e.g., phosphorylation, acetylation and prolyl isomerization) of the NF-kB subunits can modulate their transcriptional activity (see Perkins, 2006, this issue) .
different NF-kB dimers are targeted to specific promoters. I suspect that we will have tables of genes, listing the NF-kB dimers that control them under specific conditions. Undoubtedly, there is also much more to be learned about how post-translational modifications and protein-protein interactions modulate and/or specify activated NF-kB responses. Despite the numerous papers on the IKK complex, there is still much to be uncovered about its composition and regulation. What is the precise stoichiometry of core components in the IKK complex, especially, how many molecules of NEMO are in the complex in uninduced vs 
Physiology and disease
There is no question that the use of additional and more finely tuned mouse genetic model systems (e.g., conditional knockouts) will reveal novel and sometimes unexpected roles for NF-kB in normal physiology. For example, by the time of the next review series, there is likely to be a full paper on the role of NF-kB in learning, memory and behavior. Furthermore, it is likely that polymorphisms that play a role in inter-individual susceptibilities to diseases, especially ones involving pathogens, will be identified in components or target genes of NF-kB signaling.
Anti-NF-kB therapy Whether or not its patent stands the test of time, NF-kB will no doubt continue to occupy a central focus of therapeutic intervention. By the time of the next review issue, I expect that clear and focused modulators of NF-kB signaling will be in use in humans. I speculate that such inhibitors will first show efficacy in unusual and accessible diseases, which have NF-kB dependency (e.g., cylindromatosis). Although there has been great focus on potent single-step NF-kB signaling inhibitors, I suspect that low-dose, multi-step inhibition of NF-kB (e.g., compounds or combinations of compounds that act at more than one step) will be more effective. Perhaps, we will also have an appreciation of how chronic use of natural product-derived NF-kB inhibitors (e.g., curcumin, green tea and antioxidants) contribute to human health.
NF-kB in simple organisms
Among simpler organisms, we will begin to have an appreciation for the role that NF-kB plays in insect vectors for human and animal diseases (e.g., in mosquitoes carrying disease-causing microbes), and how we might genetically modify components of NFkB signaling in these organisms to decrease their vector effectiveness. Similarly, I suspect that our recent discovery of a primitive NF-kB system in the phylum Cnidaria will lead to insights into the role that NF-kB plays in the response of simple marine organisms and ecosystems to environmental stresses, be they manmade, physical or biotic.
An updated nomenclature for components of the NF-jB signal-transduction pathway Among the many publications on this topic, there are inconsistencies in the naming of genes and proteins in the NF-kB pathway. In this collection of reviews, we have used what I believe is a simple nomenclature (Table 1 ). The revised nomenclature reflects the new members of the pathway, common usage over the past several years, and at times my own judgment.
